A new approach for performing Suzuki-Miyaura and Sonogashira reactions of iron (II) dihalogenoclathrochelates, optimizing their reaction conditions (such as temperature, solvent and a palladium-containing catalyst) and the nature of other reagents (such as arylboron components) is elaborated. These palladium-catalyzed reactions are very sensitive to the nature of the macrobicyclic substrates. The reactivity of the leaving halogen atoms correlates with their ability to undergo an oxidative addition, decreasing in the order: I > Br > Cl, and iron(II) diiodoclathrochelate underwent these C-C cross-couplings under their "classical" conditions. Phenylboronic, 4-carboxyphenylboronic and 6-ethoxy-2-naphthylboronic acids, and the diethyl ether of 4-(ethoxycarbonyl)boronic acid were tested as components of Suzuki-Miyaura reactions in DMF and in THF. The highest yields of the target products were obtained in DMF, while the highest activation was observed with sodium and potassium carbonates. The Suzuki-Miyaura reaction of a diiodoclathrochelate with 6-ethoxy-2-naphthylboronic acid gave the mono-and difunctionalized clathrochelates resulting from the tandem hydrodeiodination -C-C cross-coupling and double C-C cross-coupling reactions, respectively. Its Sonogashira reactions with trimethylsilylacetylene and acetylenecarboxylic acid in THF and in DMF were tested. This palladiumcatalyzed reaction with a (CH 3 ) 3 Si-containing active component gave the target products in a high total yield. The complexes obtained were characterized using elemental analysis, MALDI-TOF, UV-Vis, 1 H and 13 C{ 1 H} NMR spectroscopy, and by single crystal XRD. Despite the non-equivalence of the ribbed adioximate fragments of their molecules, the encapsulated iron(II) ion is situated almost in the centre of its FeN 6 -coordination polyhedron, the geometry of which is almost intermediate between a trigonal prism and a trigonal antiprism.
Introduction
The designed cage metal complexes 1,2 have been widely used for the design and preparation of prospective drug candidates {so-called "topological drugs", such as antiviral, antitumor (including cytostatic 3 ) and antibrillogenic prodrugs; the main results in this eld have been highlighted recently 4 }, for efficient electro(pre)catalysts of the hydrogen evolution reaction 2H + /H 2 in aqueous solutions, 2,5-7 as mediators of electron transfer for electrochemical sensors, as macrobicyclic precursors and components of molecular electronic devices, such as molecular switches 2 and quantum gates, 8, 9 as paramagnetic probes, 2 as well as mononuclear single-molecule magnets with record characteristics, 10, 11 and are thus prospective magnetic a Vernadskii Institute of General and Inorganic Chemistry NASU, 03142 Kiev, Ukraine materials. So, one of the main aims of their chemistry is the development of highly efficient methods of straightforward synthesis of functionalized cage metal complexes with a given size, position and reactivity of the functionalizing substituents using suitable clathrochelate precursors as molecular platforms (scaffolds), those of the hybrid systems based on them and of macrobicyclic ligands with a given geometry, possessing the given physical, physicochemical (including redox and electrocatalytic) and donor ability. Metal-catalyzed C-C crosscouplings (in particular, the Suzuki-Miyaura and Sonogashira reactions) are powerful synthetic methods in modern organic chemistry, whereas the reactivity of the coordinated ligands in their metal complexes has very rarely been used in coordination chemistry to date. In particular, the Sonogashira reactions of the ethynyl-terminated apically functionalized iron(II) clathrochelates have been used 12 for further extension of their substituents at capping boron atoms. Metal tris-dioximate halogenoclathrochelates are reported 1,2 to be the key reactive macrobicyclic precursors for the design and preparation of these metal-centered compounds, as well as of the polynuclear and hybrid systems, coordination cages, coordination polymers, and MOFs based on them. Earlier, several metalpromoted (catalyzed) reactions of such halogenoclathrochelate precursors shown in Scheme 1 and 2 were performed. They include cadmium-promoted N,C,O-nucleophilic substitution (1, Scheme 1), as well as copper-promoted reactions of cyanationhydrodehalogenation (2, Scheme 1), peruoroalkylation (3, Scheme 1), peruoroarylation (4, Scheme 1), halogen exchange (5, Scheme 2) and reductive C-C homocoupling (6, Scheme 2).
2
We have also performed 13 the palladium-catalyzed SuzukiMiyaura and Sonogashira reactions of hybrid a-furyldioximatea-benzildioximate monoribbed-functionalized iron(II) dibromoclathrochelate, the molecule from which contains reactive bromine atoms in its a-furyl ribbed substituents (7, Scheme 2). Therefore, these C-C cross-couplings can be regarded as purely organic reactions due to the remoteness of their reactive centers from the cage framework (and, therefore, from the encapsulated metallocenter). On the other hand, the Suzuki-Miyaura and Sonogashira reactions of iron(II) dihalogenoclathrochelates with inherent halogen substituents, which are directly bound to a polyazomethine quasiaromatic macrobicyclic framework, seem to be affected by the nature of these macrobicyclic substrates and, therefore, the above reactions should have some peculiarities in the order of their reactive halogen atoms (i.e. Cl, Br and I). In particular, the iron(II) dichloro-and dibromoclathrochelates are reported 14 to be much less reactive (or, even, unreactive) in their palladium-catalyzed and copper-promoted C-carboranylation reactions shown in Scheme 2, 8 as compared with their iodine-containing macrobicyclic analogs. Moreover, the latter reaction gave only the product of its tandem C-carboranylation-hydrodehalogenation transformation, the rst hybrid monocarboranoclathrochelate with methine hydrogen atom in the vic-position of the functionalizing polyhedral substituent. In general, almost all the above copperpromoted substitution, exchange and homocoupling processes were accompanied by consecutive hydrodehalogenation and tandem hydrodehalogenation-homocoupling side reactions (Scheme 2, 9), and by the complete destruction of the cage framework (especially under basic reaction conditions) as well. As a result, the total yield of the target macrobicyclic products of these C-C couplings typically did not exceed 20%. In this paper, we describe our attempts to evaluate a new approach for performing Suzuki-Miyaura and Sonogashira cross-coupling reactions of iron(II) dihalogenoclathrochelates as macrobicyclic substrates that optimizes the reaction conditions (such as temperature, solvent and use of palladium-containing catalyst), as well as the nature of other reagents (such as the arylboron components), thus trying to increase the yield of the target functionalized clathrochelate product and to avoid the above side reactions. We also aimed to obtain the rst functionalized iron(II) clathrochelates with terminal triple C^C bonds, which may be used for further functionalization (in particular, using the very common organic "click"-reactions).
Experimental

General considerations
The reagents used, phenylboronic, acetylenecarboxylic and 6-ethoxy-2-naphthylboronic acids, the diethyl ether of 4-(ethoxycarbonyl)phenylboronic acid, trimethylsilylacetylene, complex Pd(dppf)Cl 2 (where dppf is 1,1 0 -ferrocenediylbis(diphenylphosphine)), copper(I) iodide, triethylamine, sorbents, bases, and organic solvents were obtained commercially (Sigma-Aldrich®). The dihalogenoclathrochelates FeBd 2 (I 2 Gm)(BF) 2 (7), FeBd 2 (Cl 2 Gm)(BF) 2 (8) and FeBd 2 (Br 2 -Gm)(BF) 2 (9) were obtained as described elsewhere.
1,2
Analytical data (C, H, N contents) were obtained with a Carlo Erba model 1106 microanalyzer.
MALDI-TOF mass spectra were recorded in both the positive and the negative spectral regions using a MALDI-TOF-MS Bruker Autoex mass spectrometer in reecto-mol mode. The ionization was induced by a UV-laser with a wavelength of 336 nm. The sample was applied to a nickel plate, and 2,5-dihydroxybenzoic acid was used as a matrix. The accuracy of the measurements was 0.1%.
UV-Vis spectra of the solutions in dichloromethane were recorded in the range 230-800 nm with a Varian Cary 50 spectrophotometer. The individual Gaussian components of these spectra were calculated using the Fityk program. (2) . Complex FeBd 2 (I 2 Gm)(BF) 2 (7, 0.233 g, 0.249 mmol) was dissolved in DMF (10 ml), and 1 ml of Na 2 CO 3 aqueous solution (0.119 g, 1.125 mmol) and 6-ethoxynaphthaleneboronic acid (0.135 g, 0.625 mmol) were added. Then the reaction mixture was deaerated using three pumpingargon saturation cycles and complex Pd(dppf)Cl 2 (0.009 g, 0.013 mmol) was added. The reaction mixture was stirred for 15 min at r.t., then heated to 90 C and stirred at this temperature for 10 h. The obtained dark-red mixture was cooled to r.t. and rotary evaporated to dryness. The solid residue was treated with water (10 ml) and ltered off. The precipitate was washed with water, dried in air and extracted with dichloromethane (10 ml). The extract was ash-chromatographically puried on silica gel (30 mm layer, eluent: dichloromethane); the eluate was evaporated to a small volume and precipitated with hexane (50 ml). The precipitate was ltered off, washed with hexane and dried in vacuo. The solid product was separated using column chromatography on Silasorb 300 (eluent: dichloromethane-hexane 1 : 2 mixture). Two major red eluates were evaporated to dryness, washed with hexane and dried in vacuo. (4) . Complex FeBd 2 (I 2 Gm)(BF) 2 (7, 0.325 g, 0.347 mmol) was dissolved/suspended in THF (15 ml), and copper(I) iodide (0.033 g, 0.175 mmol), trimethylsilylacetylene (0.25 ml, 1.75 mmol) and triethylamine (0.1 ml, 1.35 mmol) were added. The reaction mixture was deaerated using the above pumping-saturation procedure and complex Pd(dppf) Cl 2 (0.013 g, 0.017 mmol) was added. The reaction mixture was stirred for 30 min at r.t. and then for 6 h at 50 C. The obtained dark-red solution/suspension was cooled to r.t., rotary evaporated to dryness and dried in vacuo. The solid residue was extracted with dichloromethane (50 ml), the extract was washed with water (40 ml, in two portions), dried with MgSO 4 and ash-chromatographically puried on silica gel (20-mm layer, eluent: dichloromethane). The eluate was evaporated to a small volume and precipitated with hexane (50 ml). The precipitate was ltered off, washed with hexane and dried in vacuo. Tables S1 (see ESI ‡) .
Results and discussion
The tested Suzuki-Miyaura and Sogonashira reactions of the iron(II) dihalogenoclathrochelates are shown in Scheme 3. These palladium-catalyzed C-C cross-couplings are very sensitive to the nature of the reactive halogenoclathrochelate substrates as macrobicyclic precursors. The reactivity of the leaving halogen atoms in the ribbed chelate fragments of a quasiaromatic cage framework correlates with their ability to undergo an oxidative addition leading to the formation of the corresponding organopalladium compounds; it decreases in the order: I > Br > Cl > F. This order is uncommon and specic to the above metal-promoted (catalyzed) reactions of these halogenoclathrochelates: in the case of well-known classical reactions of organic substrates, the reactivity of their leaving halogen atoms decreases in the opposite order (i.e. from uo-rine to iodine substituents). As a result, the reactivity of the iron(II) vic-dihalogenoclathrochelates with two inherent halogen atoms, the macrobicyclic tris-dioximate molecules of which are quasiaromatic electron-decient systems, as the substrates in their Suzuki-Miyaura and Sonogashira reactions, decreases in the order: FeBd 2 (I 2 Gm)(BF) 2 (7) > FeBd 2 (Br 2 -Gm)(BF) 2 (6) > FeBd 2 (Cl 2 Gm)(BF) 2 (5). Indeed, the complex FeBd 2 (Cl 2 Gm)(BF) 2 (5) does not undergo these C-C crosscouplings, while in the case of its dibromine-containing analog FeBd 2 (Br 2 Gm)(BF) 2 (6), a side reaction of the hydrolytic destruction of its cage framework occurs more quickly than the expected consecutive process of the formation of the single C-C bond between this framework and the corresponding functionalizing ribbed substituent. In contrast, the diiodoclathrochelate FeBd 2 (I 2 Gm)(BF) 2 (7) underwent the above palladium-catalyzed cross-couplings under their "classical" reaction conditions, thus allowing the target extension and functionalization of its encapsulating macrobicyclic ligand (Scheme 3). For the boron-containing components of the SuzukiMiyaura reactions of the dihalogenoclathrochelate substrates, we tested phenylboronic acid, 4-carboxyphenylboronic and 6-ethoxy-2-naphthylboronic acids, and the diethyl ether of 4-(ethoxycarbonyl)phenylboronic acid (Scheme 3); these reactions were performed both in DMF and in THF as the solvents. The highest yields of the target clathrochelate products were obtained in DMF media, while the highest activation of the above boron-containing compounds was observed in the case of Na 2 CO 3 aqueous solution as an inorganic base. The attempted Suzuki-Miyaura reaction of FeBd 2 (I 2 Gm)(BF) 2 (7) with phenylboronic acid under these reaction conditions resulted mainly in the complete destruction of its cage framework and gave the macrobicyclic products of hydrodehalogenation and tandem hydrodehalogenation-substitution processes (the complexes Fig. 1 General view of the molecule FeBd 2 ((EtONaphth) 2 Gm)(BF) 2 (1) in the crystal 1$3CH 2 Cl 2 in a representation of its atoms with thermal ellipsoids drawn at p ¼ 50%. (9), respectively), in low yields. At the same time, only trace amounts of the target diaryl-substituted clathrochelate product of this SuzukiMiyaura reaction, a well-known 1 tris-a-benzildioximate macrobicyclic complex FeBd 3 (BF) 2 (10), was detected among its products. Moreover, in the absence of phenylboronic acid, the reaction in the system FeBd 2 (I 2 Gm)(BF) 2 (7)-Pd(dppf)Cl 2 -Na 2 CO 3 (aq) under the same reaction conditions afforded the monomethine clathrochelate FeBd 2 (IGmH)(BF) 2 (8) as the product of a side hydrodehalogenation process. The latter complex has not been described in the literature to date: indeed, its preparation using the direct template condensation of the corresponding macrocyclic bis-a-benzildioximate precursor with monoiodoglyoxime (a most promising pathway for the synthesis of the analogous monochloroclathrochelates) is hampered by the high reactivity of the above a-dioxime, which easily undergoes the side redox and substitution reactions. In the case of 4-carboxyphenylboronic acid as a boroncontaining component, we failed to perform its SuzukiMiyaura reaction with the same diiodoclathrochelate precursor: a side destruction reaction of its cage framework dominated over the expected C-C cross-coupling. On the other hand, the use of diethyl ether of 4-(ethoxycarbonyl)phenylboronic acid (as a component with an electron-withdrawing substituent), and of 6-ethoxy-2-naphthylboronic acid (its molecule contains an electron-donor substituent), allowed the target clathrochelate products of the Suzuki-Miyaura cross-coupling reaction to be obtained. In the former case, powdered K 2 CO 3 was used as an inorganic base instead of Na 2 CO 3 aqueous solution to avoid a cleavage of the ester group. The Suzuki-Miyaura crosscoupling reaction of FeBd 2 (I 2 Gm)(BF) 2 (7) with 6-ethoxy-2-naphthylboronic acid proceeds more easily and in a higher yield compared with the former process, thus giving the monoand difunctionalized complexes FeBd 2 (EtONaphthGmH)(BF) 2 (2) and FeBd 2 ((EtONaphth) 2 Gm)(BF) 2 (1) as the products of tandem hydrodeiodination -C-C cross-coupling and double C-C cross-coupling reactions, respectively (Scheme 4). We succeeded in isolating these complexes in their individual forms and in characterizing them using various spectral and analytical methods, as well as by single crystal X-ray diffraction (see below). We suggest that the presence of the electron-donor substituent in a molecule of the above boron-containing component substantially affects the occurrence of its SuzukiMiyaura reaction, causing an increase in the reactivity of the corresponding organopalladium intermediate.
The Sonogashira reactions of the diiodoclathrochelate precursor FeBd 2 (I 2 Gm)(BF) 2 (7) with trimethylsilylacetylene and acetylenecarboxylic acid as their active components in both THF and DMF media were also tested. We failed to isolate the target clathrochelate products of C-C cross-coupling in moderate yields in DMF medium due to the occurrence of a consecutive side C-C homocoupling process. 20, 21 The latter copper(I)-promoted reaction of reductive dimerization is known to be affected by the reduction potential of a catalytically active copper(I) solvato-complex and, therefore, by the nature of the solvent. This potential in highly donor DMF media is substantially higher than that in THF solutions. As a result, copper(I)-promoted homocoupling and hydrodeiodination reactions of FeBd 2 (I 2 Gm)(BF) 2 (7) dominate over its target Sonogashira C-C cross-coupling in DMF as a solvent. This clathrochelate precursor with inherent halogen atoms was found to more easily undergo a side complete destruction reaction than its afuryldioxime-based macrobicyclic analog shown in Scheme 2, the molecule of which bears two terminal halogen atoms (especially under basic conditions). In the case of the above Sonogashira reactions, copper(I) iodide and triethylamine were used for the activation of the corresponding ethynyl component and as an organic base, respectively. Nevertheless, the reaction of FeBd 2 (I 2 Gm)(BF) 2 (7), with acetylenecarboxylic acid even under the above mild conditions led to the complete destruction of its cage framework. In contrast, the tandem Sonogashira-hydrodehalogenation and double Sonogashira reactions of this diiodoclathrochelate precursor with trimethylsilylacetylene (Scheme 4) proceeded with a high total yield, giving the monofunctionalized complex FeBd 2 ((Me 3 Si)C^CGmH)(BF) 2 (4) as the major product, and its difunctionalized analog FeBd 2 (((Me 3 Si)C^C) 2 Gm)(BF) 2 (3), as a minor product. The low yield of the latter complex can be explained by its high reactivity and, therefore, by the occurrence of its further chemical transformations, plausible pathways for which are shown in Scheme 5. They include (i) cyclization giving a highly reactive biradical intermediate, that (ii) may undergo the addition of another ethynyl fragment through the corresponding C-H bond; this intermediate may also undergo further cycloaddition reactions.
Then we performed a detailed spectral and X-ray structural study of the clathrochelate products of two palladium-catalyzed Suzuki-Miyaura and Sonogashira reactions of the diiodoclathrochelate substrate FeBd 2 (I 2 Gm)(BF) 2 (7), in the case of which the highest yields of the target cage complexes with extended and functionalized macrobicyclic ligands were observed.
The complexes obtained were characterized using elemental analysis, MALDI-TOF mass spectrometry, UV-Vis, 1 (4) are shown in Fig. 1-3 . Despite the non-equivalence of their ribbed a-dioximate fragments, the encapsulated iron(II) ion is situated almost in the centre of its Table 1 , are characteristic of uoroboron-capped iron(II) trisdioximates. 1,2 The similarity of these frameworks can be illustrated by Fig. 4 , showing an overlaying of the clathrochelate molecule FeBd 2 ((EtONaphth) 2 Gm)(BF) 2 (1) in its two X-rayed solvatomorphs. Moreover, the sterical clashes between the inherently rigid and bulky aromatic, phenyl and naphthyl ribbed substituents in a quasiaromatic macrobicyclic framework (Clt), undergoing a free rotation around the corresponding single C Ar -C Clt bonds, caused their very similar orientations 22 Thus, the substitution of two iodine atoms of this precursor by two functionalizing substituents (or by one functionalizing substituent and one hydrogen atom) led to a substantial shi in the above absorption bands, indicative of a dramatic redistribution of the electron density in a quasiaromatic clathrochelate framework caused by its ribbed functionalization with the inherent substituents in one of the three a-dioximate chelate fragments; this result is in good agreement with the above X-ray data. 
Conclusions
Thus, the attempted palladium-catalyzed and copper-promoted Suzuki-Miyaura and Sonogashira reactions of iron(II) dihalogenoclathrochelates with inherent reactive halogen ribbed substituents were found to be strongly affected by the nature of their leaving atoms. Only a diiodomacrobicyclic complex was found to be a suitable clathrochelate substrate. Its C-C crosscoupling reactions were accompanied by the consecutive side hydrodehalogenation, C-C homocoupling and tandem hydrodehalogenation -C-C cross-coupling processes. So, the yields of the clathrochelate products of the former reactions were found to be affected by the nature of the solvent used, as well as by those of a palladium catalyst and of a base. Therefore, these reaction components, as well as the solvent and temperature, should be optimized when trying to perform the above metalcatalyzed (promoted) C-C cross-couplings in moderate if any yields.
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